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Overview
• Introduction
– Prechamber concept
– Auto-ignition in the prechamber
• Methodology
• Natural gas auto-ignition delay
– Measurements in a rapid compression machine
– Chemical mechanisms
– Simulations
• 3D Fluid flow simulations
– CFD simulations of the rapid compression machine
– Further steps
• Conclusions
• Outlook
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Introduction
• Prechamber concept
– Equipment of a natural gas cogeneration engine with 
the goal to:
• Reduce the emissions without catalytic after treatment
• Keep high efficiency
• Enable operation on biogas
– Hot gas jet issuing from the
prechamber result in a more
homogeneous combustion
in the main chamber compared
to standard spark ignition
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Introduction
• Engine test bench
– Liebherr G 926 TI
– 10 l swept volume
– 6 cylinders
– Volumetric CR of 12.0
– 122 mm bore
142 mm stroke
– Rated brake power
output of 150 kW
– Prechambers
• 4 orifices of ø 2.12 mm
• Volume of 4540 mm3
corresponding to 2.9 vol-% at TDC
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Introduction
• Spark-ignition prechamber results
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• Swiss limits fullfilled
• Fuel conversion efficiency 
nf > 0.36
• Strong reduction of HC 
and CO emissions
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Introduction
• Auto-ignition in the 
prechamber
– Ignite the mixture in the 
prechamber without spark 
plugs
– Keep the prechamber
advantages
– Benefit from the HCCI 
combustion mode 
advantages in the 
prechamber
– Conditioning of the mixture 
easier in the prechamber
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Methodology
• Modelling auto-ignition with the help of a  
chemical model for natural gas
• Validation of the model with experimental data
• 3 D Fluid flow simulations (CFD)
• Coupling of CFD code and (reduced) chemical 
model
• Possible strategies for ensuring auto-ignition 
within the prechamber based on the simulation 
results
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Natural gas autoi-gnition delay
• Measurements in a Rapid compression machine
– Ignition delay for various mixtures of hydrocarbons
– Pressure measurements
– Varying temperature and pressure at TDC conditions
Rapid compression machine of Lille University
Experimental conditions
Compression ratio : 9.3
Initial temperature: 352-359 K
Initial pressure: 0.7-1.1 bar
TDC temperature: 850-920 K
TDC pressure: 14-21 bar
Relative air-to-fuel ratio: 1-1.6
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Natural gas auto-ignition delay
• Chemical mechanisms
– GRI 3.0 + RAMEC
• 58(5) species and 338(13) reactions
• NOx formation
– Primary Reference Fuel (PRF – LLNL)
• 1034(96) species and 4238(534) reactions
• wide range of validation
– Konnov’s mechanism
• 127 species and 1200 reactions
• validated mainly at atmospheric and moderate pressure
– Multi-objective optimisation (MOO) based on GRI 3.0 + RAMEC
• Queuing multi-objective optimiser developed at LENI
• 2 objectives
– Residual to experimental data
– Deviation from initial parameter values
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Natural gas auto-ignition delay
• Simulations
– Zero-dimensional simulation of the ignition delays 
based on 
• Experimental mixture composition
• Measured pressure
• Calculated core temperature
– CHEMKIN chemical solver used
– Testing of several mechanisms
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Natural gas autoignition delay
• Pressure 
dependence
– exponential
– mechanisms 
represent
delays fairly well
– slope differs little
• Influence of mixture
– strong influence of
stoichiometry
– tendency well 
represented
by mechanisms
C3H8/C2H6/CH4 Ignition delay vs. Air-to-fuel ratio (P= 19.5 bar)
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C3H8/C2H6/CH4 ignition delay vs. pressure (λ=1.0,T=894 K)
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experimental
GRI3.0 + RAMEC
PRF reduced
MOO Set 102
Konnov
MOO Set 117
    Comp. NG
CH4  89 mol-%
C2H6   9 mol-%
C3H8   2 mol-%
P=13.48 bar
T=890.95 K
P=14.63 bar
T=890.04 K
P=16.12 bar
T=895.94 K P=17.43 bar
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T=891.88 K P=19.82 bar
T=894.00 K P=21.13 bar
T=896.01 K
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Natural gas autoignition delay
• Temperature dependence
– strong influence of temperature on the delay
– 20 K difference double the ignition delay
• Temperature main factor influencing the delay
C3H8/C2H6/CH4 ignition delay vs. temperature (λ=1,P=20 bar)
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3D Fluid flow simulations
• NSMB (Navier Stokes Multiblock)
– Parallel calculations
– moving and deforming grids
– Code developed at LMF/EPFL, now CFS engineering
– Coupling between fluid dynamics and chemical kinetics 
solver
• achieved for non-viscous flow calculations
• under development for turbulent viscous case
• Computer cluster
– 132 workstations with
P4 processors available
for parallel calculations
(extension in progress)
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3D Fluid flow simulations
• Simulation of the rapid 
compression machine 
experiments
– 90° slice of the real cylinder
(simplified geometry)
– non-viscous calculation with 
chemical mechanism
– reproduction of the  ignition 
delay times of the zero-
dimensional calculations cut
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3D Fluid flow simulations
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3D Fluid flow simulations
• Turbulent, viscous calculations 
– One-equation model by Spalart and Allmaras for 
turbulence
– Varying mesh resolution and different near wall 
treatments (changing y+)
• Investigation of the influence on heat transfer to walls and in 
consequence on temperature and pressure evolution after 
TDC
– Calculations without chemical reactions
(coupling under development)
• In addition: Matlab calculations taking into 
account heat transfer and play of the piston
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3D Fluid flow simulations
Pressure profiles for NSMB calculations, experimental and Matlab
0.00E+00
5.00E+05
1.00E+06
1.50E+06
2.00E+06
2.50E+06
0.00 0.05 0.10 0.15 0.20 0.25 0.30
Time /s
P
r
e
s
s
u
r
e
 
/
P
a
4374 cells, y+=1-12, y+ mean=3.0
9200 cells, y+=1-3, y+ mean=2.5
40000 cells, y+=1-9, y+ mean=1.6
104400 cells, y+=1-3, y+ mean=1.3
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Experimental
Matlab adiabatic
Matlab, h=30 W/m2K, play=0.1 micron
Initial conditions:
CH4  9.5 mol-%
O2  19 mol-%
Ar   71.5 mol-%
T0=358 K=85 °C
P0=620 Torr=82646 Pa
CR = 9.3
PTDC +22-31%
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3D Fluid flow simulations
• Possible reasons for the too high pressure
– Higher gamma value due to high Ar content
(simulations assuming γ = 1.3 resulted in good 
reproduction of the experimental data)
– Uncertainties in the geometry of the RCM
• Nevertheless the code has been proven
– to have a working coupling between fluid dynamics 
and chemical kinetics
– to simulate a standard engine cycle with the same 
accuracy as KIVA 3-V
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Conclusions
• Objective of this work
– Development of a prechamber auto-ignition for natural 
gas engines
• Main influencing factors for auto-ignition were 
identified to be:
– Temperature
– Mixture composition
– Pressure
• Based on the experimental data a chemical 
mechanism will be chosen for coupling to the 
CFD code 
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Next steps
• Conception of a prechamber for use on a mono-
cylinder test bench
– Adjustable compression ratio
– Adjustable valve timing
– Prechamber will contain a heating jacket as a mean to 
ensure auto-ignition to occur inside the prechamber
• 3D flow simulations including chemistry
– Influence of turbulence on the combustion
– Necessary conditions for auto-ignition to occur inside 
the prechamber
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Outlook
• Future applications/investigations
– Application of the prechamber in a real cogeneration 
engine configuration
• Multi-cylinder engine
• Investigation of the influence on emissions
– Investigation of the part load behaviour of the 
prechamber configuration
– Application in a transport engine with changing load
• Bus engine most appropriate as prerequisites on load 
changes are not as high as in a conventional car engine
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Questions ?
Thank you
for your attention !!!
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